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► RuO2-IrO2/Ti plate combined with iron powder acting as an anode of 
electrochemical unit. 
► Iron powders were immobilized at the surface of the RuO2-IrO2/Ti plate by a magnet. 
► The mZVI-RuO2-IrO2/Ti anode showed high removal efficiency of N, P, TOC and 
metals. 
► Elemental composition and the type of the reaction product were characterized by 
SEM-EDS, XRD and XPS. 
 
Abstract: This study combined electro-oxidation (EO) and electrocoagulation (EC) 
process (EO/EC) to treat landfill leachate by using RuO2-IrO2/Ti plate and microscale 
zero-valent iron powder composite anode. EO was achieved by direct oxidation and 










to lose electrons and produce coagulants in situ. The influences of variables including 
type of anode material, applied voltage, zero-valent iron dosage, interelectrode gap, and 
reaction temperature on EO/EC were evaluated. Results showed that at an applied 
voltage of 10 V, zero-valent iron dosage of 0.2 g, interelectrode gap of 1 cm, and non-
temperature-controlled mode, the removal efficiencies were 72.5% for total organic 
carbon (TOC), 98.5% for ammonia, and 98.6% for total phosphorus (TP). Some heavy 
metals and hardness were also removed. Further analysis indicated that the removal of 
TOC, ammonia, and TP followed pseudo-first order, pseudo-zero order, and pseudo-
second order kinetic models, respectively. Other characteristics were examined by 
scanning electron microscopy–energy dispersive spectrometry, X-ray diffraction, and 
X-ray photoelectron spectroscopy. Overall, our results showed that EO/EC can be used 









In recent years, the increasing population, acceleration of industrialization, and 
continuous development of the economy have led to the rapid increase in municipal and 
industrial solid-waste production; the sanitary landfill method is a widely accepted and 










from rain passing through a landfill site and from the liquid generated by the breakdown 
of the waste within the landfill [2]. Landfill leachate contains a large number of 
compounds, such as organic and inorganic compounds and heavy metals. Release of 
these toxic and harmful substances into the natural environment may cause pollution of 
groundwater, surface water, and soil, posing a threat to human health and nature [3, 4]. 
Landfill leachate is generally known as high-strength wastewater because its 
composition is extremely complex and varies greatly, making it extremely difficult to 
deal with [5]. Some studies have reported that leachate can be treated by biological and 
physicochemical methods [6]. Biological methods include treatment of landfill leachate 
by aerobic or anaerobic processes [7]. However, when dealing with low-
biodegradability landfill leachate, biological treatment may not achieve good results 
due to the stubborn nature of organic carbon in leachates [8]. Therefore, 
physicochemical treatment of landfill leachate has received more attention. The method 
for treating stabilized landfill leachate includes coagulation-flocculation [9], Fenton 
processes [10], chemical precipitation [11], nanofiltration, and reverse osmosis [12, 13]. 
Over the past decade, advanced electrochemical technologies for the treatment of 
landfill leachates, such as electro-oxidation (EO), electrocoagulation (EC), and electro-
Fenton, have received increasing attention due to the increased efficiencies that can be 
achieved using easy to operate and control, as well as compact bipolar electrochemical 
reactors [14, 15]. 









concentration of organic pollutants and ammonia in landfill leachate by direct oxidation 
and indirect oxidation [16]. Contaminants, such as organic compounds and ammonia, 
can be oxidized and removed by direct electron transfer on the anode surface [16]. 
Contaminants can also be degraded by indirect oxidation, in which a mediator is 
electrochemically generated to carry out the oxidation where active chlorine is the 
primary indirect oxidant used in wastewater treatment [15, 17]. Anode materials are 
receiving extensive attention as an important factor in the process of EO [18]. Boron-
doped diamond anode is used to treat landfill leachate with low BOD5/ COD ratio; 
chemical oxygen demand (COD), total nitrogen (TN), and color were all reduced [19]. 
Titanium coated with metal oxide (PbO2, SnO2), which was used as the anode, can 
reduce the COD and remove almost all of the ammonia from the landfill leachate [20]. 
Mixed metal oxides (RuO2-IrO2/Ti) have been investigated for the effective degradation 
of tetracycline by electrochemical anodic oxidation process [21]. Moraes et al. 
investigated the effect of current efficiency on TOC, COD, ammonia, and color removal 
when RuO2-IrO2/Ti is used as anode for the treatment of landfill leachate [22]. 
EC requires simple equipment that is easy to operate and avoids the use of chemicals. 
It is a technology that produces small amounts of sludge, and flocs formed by EC can 
be separated faster by filtration; hence, it is widely used for wastewater treatment [23, 
24]. EC involves the production of coagulants by electrolysis of metal ions from metal 
anodes, and the most common anode materials are iron and aluminum [25]. Sun et al. 










with aluminum anode, and the treatment efficiencies for COD, color, and phosphorus 
were determined as 45%, 60%, and 91.8%, respectively [26]. Bouhezila et al. used iron 
as an anode to remove COD, TN, color, turbidity, and bacteria from landfill leachate by 
EC process [27]. Ilhan et al. evaluated the effects of various experimental parameters, 
including current density, pH, treatment cost, and operating time on the landfill leachate 
treatment by EC process using iron and aluminum anodes [28]. 
In recent years, to improve the efficiency of pollutant degradation, a combination of 
different electrochemical processes in the treatment of wastewater has been 
investigated. Mahvi et al. designed an EC/EO–electroflotation reactor for simultaneous 
removal of ammonia and phosphate from wastewater effluent [29]. Esfandyari et al. 
investigated aluminum, stainless steel, and RuO2/Ti plates as electrodes for the 
treatment of olive mill wastewater by peroxi-EC/EO-EF process [30]. Li et al. 
combined the EO and EC processes using RuO2-IrO2/Ti as the anode and aluminum as 
the cathode to treat mature landfill leachate; 83.7% COD and 100% ammonia removal 
were achieved under optimum conditions [31]. Ding et al. investigated the 
EO/EC/electroreduction process for tertiary landfill leachate treatment, and such 
process removed 50%–60% organic matter and 100% ammonia under optimum 
conditions [32]. Based on these previous studies, organic matter and ammonia can be 
removed through EO, whereas organic matter and phosphorus can be removed through 
EC. However, in previous studies, achieving simultaneous EO and EC by using a single 










In this work, we combined EO and EC processes (EO/EC) for landfill leachate 
treatment by designing a RuO2-IrO2/Ti plate and microscale zero-valent iron powder 
composite electrode (mZVI-RuO2-IrO2/Ti). This EO/EC process, which used mZVI-
RuO2-IrO2/Ti as anode and graphite plate as cathode, was developed and applied for 
the treatment of landfill leachate. The aim of this work was to evaluate the performance 
of this EO/EC process for the removal of organic, phosphorus, and nitrogen 
contaminants. Performance evaluation included the effects of several parameters, such 
as type of anode materials, applied voltage, zero-valent iron dosage, interelectrode gap, 
and reaction temperature. The kinetics of pollutant degradation has also been studied. 
The characteristics of the precipitates were investigated by scanning electron 
microscopy-energy dispersive spectrometer (SEM-EDS), X-ray diffraction (XRD), and 
X-ray photoelectron spectroscopy (XPS). 
 
2. Materials and methods 
2.1 Characteristics of landfill leachate 
The leachate used in this study was obtained from an aging landfill leachate sampled 
from a municipal landfill in Zhejiang Province, China. Samples were collected in July 
2018 and stored in a refrigerator at 4 °C until use. The concentrations of organic 
compounds and ammonia in the sample are extremely high. Electrolytes were not 
required when performing electrochemical treatment due to the good conductivity of 











Table 1 Characteristics of the leachate samples 
Parameters Range Average 
TOC (mg·L-1) 3043.5-3185.5 3114.5 
COD (mg·L-1) 1735-1865 1800 
NH4
+-N (mg·L-1) 1676.7-1751.1 1713.9 
Cl- (mg·L-1) 2399-2424 2411.5 
pH 8.34-8.65 8.5 
Conductivity (mS·cm-1) 17.32-18.21 17.77 
Total phosphorus (mg·L-1) 18.25-19.56 18.91 
Calcium (mg·L-1) 56.3-60.7 58.5 
Magnesium (mg·L-1) 66.4-71.1 68.75 
 
2.2 Experimental setup and operation 
All batch mode experiments were conducted in an open glass reactor (5 cm × 5 cm 
× 10 cm) at room temperature. 200 mL of the leachate was transferred into the reactor. 
The mZVI-RuO2-IrO2/Ti anode consists of a RuO2-IrO2/Ti plate (2.5 cm × 10 cm) and 
microscale zero-valent iron powder. ZVI powder (0.1 to 0.4 g) was applied evenly to 
an 8 cm2 (2 cm × 4 cm) area at the bottom of the RuO2-IrO2/Ti plate. The mZVI powder 
was fixed on the surface of the RuO2-IrO2/Ti plate through a magnet (2 cm × 4 cm) 
outside the glass reactor as a mZVI-RuO2-IrO2/Ti composite anode. The mZVI-graphite 
and nZVI-RuO2-IrO2/Ti composite anodes were prepared by replacing the RuO2-
IrO2/Ti plate with graphite sheets and replacing the mZVI powder with nanoscale zero-
valent iron (nZVI) powder. The area of the RuO2-IrO2/Ti plate immersed in the solution 
was 15 cm2. The electric power for this process was obtained from a dual-channel direct 
current power supply (Lodestar LPS325D, China). The anode and cathode were placed 










experimental design. The experimental setup is shown in Fig. S1. 
Factors influencing the removal of organic compound, ammonia, and total 
phosphorus (TP) in the EO/EC process were investigated. Such factors included the 
type of anode materials (mZVI-RuO2-IrO2/Ti, nZVI-RuO2-IrO2/Ti, RuO2-IrO2/Ti, and 
mZVI-graphite), applied voltage (4, 6, 8, and 10 V), zero-valent iron dosage (0.1, 0.2, 
0.3, and 0.4 g), interelectrode gap (0.5, 1, 1.5, and 2 cm), and reaction temperature 
(room temperature, 35, 45, and 55 °C). Each experiment was operated in batch mode 
and lasted for 6 h. Samples were taken from the EO/EC reactor for subsequent analysis 
at designated times during the experiment. 
 
2.3 Analytical methods 
Ammonia (NH4
+-N) was determined with continuous flowing analyzer (Seal AA3, 
Germany). TP concentration was determined using a continuous flowing analyzer (Seal 
AA3, Germany) after high-temperature and high-pressure digestion by using a high-
pressure steam sterilizer (STIK MJ-54A, America). TOC was determined with a Total 
Organic Carbon Analyzer (Shimadzu TOC-L, Japan). COD was determined by a fast 
digestion-spectrophotometric method using a HACH COD Analyzer (Hach DRB 200 
and DR 1010, America). The type and content of heavy metals were determined by 
inductively coupled plasma optical emission spectrometry. The conductivity and pH of 
the solution were determined with a conductivity meter (Rex Chemical Corp., Shanghai) 
and pH meter (Mettler-Toledo, Switzerland). The surface morphologies, atomic 










microscope-energy dispersive spectrometer (Phenom ProX, Phenom-World, 
Netherlands). The crystal structure of the precipitate after EO/EC was characterized 
using an X-ray diffractometer with Cu Kα radiation, where the 2θ scanning range is 
from 10° to 80° (PANalytical X'Pert PRO, Netherlands). XPS measurements were 
carried out with a Thermo Fisher Scientific ESCALAB 250Xi XPS spectrometer 
(Thermo Fisher Scientific ESCALAB 250Xi XPS spectrometer, America) using Al Kα 
radiation with photon energy of 1486.6 eV as the radiation source. 
The removal efficiencies were calculated based on the initial and final concentrations 




 × 100% (1) 
where η is the NH4+-N, TP, or TOC removal efficiencies; C0 is the initial concentration 
(mg·L-1) of NH4
+-N, TP, or TOC; and Ct is the final concentration (mg·L
-1) of NH4
+-N, 
TP, or TOC. 
 
3. Results and discussion 
3.1 Influence factors of EO/EC process 
3.1.1 Type of anode materials 
Fig. 1 shows the removal of TOC, ammonia, TP, and COD during EO/EC process 
with different anodes. The TOC removal efficiencies using RuO2-IrO2/Ti, nZVI-RuO2-
IrO2/Ti, and mZVI-RuO2-IrO2/Ti anodes can reach 64.4%, 71.4%, and 72.1%, 










can conclude that the removal of TOC was primarily due to the EO process rather than 
the EC process. However, the TOC removal efficiency using mZVI-RuO2-IrO2/Ti 
anode was not considerably higher than that using RuO2-IrO2/Ti anode. This finding 
indicates the removal of organics by coagulation in addition to oxidation. We also 
studied the effect of ZVI powder particle size on the EO/EC process and concluded that 
the particle size of ZVI has little effect on the removal of TOC. COD removal exhibited 
a similar trend to that of TOC removal (Fig. 1d). 
As seen in Fig. 1b, the mZVI-RuO2-IrO2/Ti, nZVI-RuO2-IrO2/Ti, and RuO2-IrO2/Ti 
anodes were considerably better than the mZVI-graphite anode for ammonia removal. 
Ammonia was primarily oxidized by anodic oxidation to produce intermediate 
oxidation products (Cl2, HClO, and ClO
























Figure S3 shows a slight accumulation of nitrate during the EO/EC process. After 6 
hours of electrolysis, the nitrate nitrogen in the leachate increased from an initial value 










not completely oxidized to nitrogen, and a very small amount was oxidized to nitrate 
nitrogen. The mZVI-graphite anode removes only 29.3% of ammonia, which can be 
explained by the fact that the RuO2-IrO2/Ti anode has a higher oxygen evolution 
potential than the graphite electrode, and the surface of the graphite electrode was prone 
to oxygen evolution side reaction, resulting in less intermediate oxidation product [34]. 
The use of nZVI-RuO2-IrO2/Ti resulted in slightly lower ammonia removal efficiency 
than that by using mZVI-RuO2-IrO2/Ti and RuO2-IrO2/Ti anodes. This finding confirms 
the superiority of micron zero-valent iron composite anode in EO/EC process. 
However, the mZVI-graphite anode, which performs poorly in removing organics 
and ammonia, demonstrated excellent performance for TP removal (Fig. 1c). TP was 
primarily removed by EC process, and the main reactions were as follows [35]: 
Anode: 

















ZVI powder acted as a sacrificial anode to dissolve Fe2+/Fe3+ and formed iron-
phosphorus compounds with phosphate in the leachate, and organic phosphorus was 










IrO2/Ti plate was used as the anode, 74.3% of the TP was still removed, although only 
EO process occurred. It can be considered that during electrolysis suspended solids in 
the leachate agglomerate into flocs which will absorb phosphorus. Moreover, a large 
amount of bubbles was generated during electrolysis, and many suspended solids were 
removed by air flotation. The TP concentration in the bubble was 7.75 mg·L-1. Table 2 
shows that the EO/EC system using mZVI-RuO2-IrO2/Ti as anode has a good effect on 
the removal of heavy metals and hardness. The content of heavy metals in landfill 
leachate was low, whereas the calcium and magnesium contents were relatively high. 
The heavy metal ions in the landfill leachate were removed through several processes 
(metal deposition on the cathode, precipitation, and co-precipitation of metals), and the 
most important is the iron hydroxide with high adsorption capacity produced by anodic 
dissolution, metal ions were removed together with the hydroxides as sludge [36]. In 
addition, some of the metal cations may also be removed by direct formation of 
hydroxide precipitates with OH- in the leachate [37]. This finding confirmed the 
feasibility of using mZVI-RuO2-IrO2/Ti anode for simultaneous removal of organics, 











Fig. 1. a) TOC, b) NH4+-N, c) TP, and d) COD removal using different types of anode 
materials. 









Ba 0.267 0.002 99.070 
Ca 62.062 7.707 87.582 
Co 0.053 0.004 91.765 
Cr 0.226 0.021 90.659 
Cu 0.110 0.016 85.876 
Fe 3.722 0.915 75.429 
Mg 71.734 1.387 98.067 
Mn 0.560 Not detected 100.000 
Ni 0.164 0.024 85.606 
Zn 0.546 0.255 53.348 
 
3.1.2 Applied voltage 










constant current or constant voltage. Experiments were performed at a constant voltage 
mode in this study; given that the actual surface area of the composite electrode was 
difficult to calculate, accurate current density was difficult to obtain. Although the 
RuO2-IrO2/Ti plate has an area of 8 cm
2 for the uniform coating of iron powder, the ZVI 
powder agglomerated in a small range and erected on the surface of the RuO2-IrO2/Ti 
plate with a needle shape in a magnetic field, causing an overall increase in the surface 
area of the electrode. The performance of the EO/EC system in TOC, COD, ammonia, 
and TP removal at different constant voltages (4, 6, 8, and 10 V) was investigated, and 
the results are compared in Fig. 2. With further increased voltage, the removal 
efficiencies of various contaminants also increased. With increased applied voltage 
from 4 V to 10 V, the TOC, ammonia, and COD removal efficiencies increased from 
14.7%, 14.9%, and 17.9% to 72.5%, 97.5%, and 70.9%, respectively (Figs. 2a, 2b, and 
2g). When the voltage was 4 V, the TP removal efficiency was 80.5%, and with 
increased voltage from 6 V to 10 V, the TP removal efficiency was nearly 100% after 6 
h of electrolysis (Fig. 2c). Increased voltage results in increased current density. For the 
EO process, electron transfer on the anode occurred more quickly and produced more 
intermediate products (Cl2, HClO, and ClO
-), which accelerated the rate of direct 
oxidation and indirect oxidation. For the EC process, the dissolution rate of ZVI powder 
was accelerated, and the rate of compounding with phosphate in the leachate also 
accelerated. Moreover, the production of Fe(OH)2 and Fe(OH)3 as a coagulant also 









selected voltage in the next experiments. 
 
 
Fig. 2. a) TOC, b) NH4+-N, and c) TP removal at different applied voltages; d) TOC, e) 
NH4
+-N, and f) TP removal at different zero-valent iron dosages; g) COD removal at 
different applied voltages; and h) COD removal at different zero-valent iron dosages. 
 
3.1.3 Zero-valent iron dosage 
ZVI powder is an important part of the composite electrode, and its content may 
affect the EO/EC process. Too little ZVI powder might result in weak EC process, 
affecting the removal of TP in the leachate. By contrast, if the ZVI powder content was 
too high, the increase in cost and the generation of more flocs in the reaction process 










dosage had little effect on the removal efficiency of organic matter (Figs. 2d and 2h). 
With increased amount of ZVI powder, the TOC removal efficiency initially increased 
(from 0.1 g to 0.2 g) and then decreased (from 0.2 g to 0.4 g). The maximum TOC 
removal efficiency of 71.5% was obtained when the ZVI powder mass was 0.2 g; with 
increased ZVI powder mass to 0.4 g, the TOC removal efficiency decreased to 55.6%. 
Meanwhile, the COD removal efficiency has remained relatively stable. This finding 
can be due to the fact that the amount of ZVI powder was low and the EC process was 
weak. However, given that EO was dominant in the removal of TOC, the increase in 
the amount of ZVI powder would suppress the EO process to some extent. Fig. 2e 
shows that the greater the amount of ZVI powder used on the composite electrode, the 
lower the ammonia removal efficiency. The ammonia removal efficiency decreased 
from 97.5% to 77.9% when the ZVI dosage increased from 0.1 g to 0.4 g. Given that 
the greater the amount of ZVI powder occupied more active sites on the RuO2-IrO2/Ti 
plate, more electrons needed to convert ZVI into iron ions, and the rate at which Cl- lost 
electrons to form intermediates reduced under the same voltage conditions, leading to 
the gradual weakening of the oxidation of the composite anode surface. However, the 
small amount of ZVI powder was not conducive to TP removal. The TP removal 
efficiency was 86.8% when the amount of ZVI powder in the composite electrode was 
0.1 g, and when the amount of ZVI powder was higher than 0.2 g, the TP removal 
efficiency can reach 99% or higher (Fig. 2f). Therefore, in combination with the 












3.1.4 Interelectrode gap 
Experiments with different interelectrode gap sizes of 0.5, 1.0, 1.5, and 2.0 cm were 
conducted, and the result is illustrated in Fig. 3. TOC, ammonia, and COD removal 
efficiencies increased with decreased interelectrode gap. With increased interelectrode 
gap from 0.5 cm to 1.5 cm, the TOC, ammonia, and COD removal efficiencies 
decreased from 71.4%, 98.5%, and 82.9% to 56.5%, 79.8%, and 54.8%, respectively 
(Figs. 3a, 3b, and 3g). The continuous increase in distance between the electrodes up to 
2.0 cm has little effect on contaminant removal. TOC, ammonia, and COD removal 
efficiencies were reduced by only 3.5%, 4.3%, and 2.0%, respectively. On one hand, 
increasing the distance between the electrodes caused a current intensity decrease under 
constant voltage conditions. On the other hand, short distance can also promote electron 
transfer and further enhance the organics and ammonia oxidation around the anode [32]. 
The difference in the TP removal in the EO/EC process was not significant at a distance 
from 0.5 cm to 2.0 cm (Fig. 3c). However, for short interelectrode gap, the current 
intensity increased and may cause short circuit [38]. Therefore, the experiment was 
performed with an interelectrode distance of 1 cm after balancing the removal 
efficiency and operational feasibility of the EO/EC process, although the short distance 












Fig. 3. a) TOC, b) NH4+-N, and c) TP removal at different interelectrode gap sizes; d) 
TOC, e) NH4
+-N, and f) TP removal at different temperatures; g) COD removal at 
different interelectrode gaps; and h) COD removal at different temperatures. 
 
3.1.5 Temperature 
This experiment was carried out in temperature-controlled and non-temperature-
controlled modes. In the temperature control mode, we set three different temperatures 
(35, 45, and 55 °C). The non-temperature-controlled mode was performed at room 
temperature (initial temperature was 23 °C). The temperature was raised from 35 °C to 
55 °C to favor organic compound, ammonia, and TP removal. The TOC removal 
efficiency increased from 59.7% to 70.2% with increased temperature from 35 °C to 










the temperature was 45 and 55 °C, whereas at 35 °C, 88.8% of ammonia was removed 
after 6 h (Fig. 3e). This is mainly because the ionic strength and conductivity in the 
leachate increased as the temperature increased, thereby accelerating the rate of electron 
transfer. A previous study reported similar results [39], indicating that temperature is 
one of the important operational parameters affecting landfill leachate treatment. In the 
non-temperature-controlled mode, the degradation rates of TOC and ammonia were 
higher than that at 35 °C during the first 2.5 h of electrolysis. However, after 2.5 h, the 
removal efficiencies of TOC and ammonia were lower than that at 35 °C. In the non-
temperature-controlled mode, as the electrolysis progressed, part of the electrical 
energy was converted into thermal energy, causing the change in the temperature of the 
leachate. The temperature change in non-temperature-controlled mode is shown in Fig. 
4d. During the first 3 h of electrolysis, the temperature of the reaction system rose from 
the initial 23 °C to a temperature of approximately 50 °C at a relatively fast rate and 
gradually decreased to approximately 43 °C for the next 3 h. This finding can be due to 
the conversion of electrical energy into thermal energy, which caused the temperature 
to rise. The concentration of pollutants decreased as the EO/EC processed. The ionic 
strength in the leachate gradually decreased, causing the decrease in the current 
intensity; hence, the temperature of the reaction system tends to decrease. Without 
control, the temperature of the reaction system fluctuates around 45 °C after a period 
of time, which indicates that the removal efficiencies of contaminants were relatively 












3.2 Kinetics of TOC, ammonia, and TP removal 
To understand the kinetics of TOC, ammonia, and TP removal, the experimental data 
at different temperatures were fitted with pseudo-zero, pseudo-first, or pseudo-second 
order kinetics, respectively (Table S1). In the removal of TOC, the pseudo-first order 
kinetic model fitted the experimental data better than either pseudo-zero order or 
pseudo-second order kinetic model; the pseudo-first order rate constant increased with 




=-k[TOC]  (12) 




) =kt  (13) 
where [TOC]0 and [TOC]t correspond to the initial TOC concentration and the 
concentration, respectively, after a period of time. 
Ammonia degradation was more consistent with pseudo-zero order kinetic (Table 
S1). Ammonia concentration decreased linearly with time at different temperatures (35, 
45, and 55 °C) in the EO process (Fig. 4b). The pseudo-zero-order rate constants (k0) 
were 263.11, 320.12, and 360.31 with correlation coefficients of 0.999, 0.999, and 





=-k  (14) 
















=kt  (15) 
where [NH4
+-N]0 and [NH4
+-N]t correspond to the initial ammonia concentration and 
the concentration after a period of time, respectively. 
 
 
Fig. 4. Kinetics of a) TOC, b) NH4+-N, and c) TP removal; d) temperature change 
during EO/EC process. 
 
The removal of phosphorus data fitted better with the pseudo-second order kinetic 
model than with either pseudo-zero or pseudo-first order kinetic models (Fig. 4c). The 
pseudo-second order rate constant increased from 0.37 to 0.43 with increased 





















= kt  (17) 
where [TP]0 is the initial TP concentration, and [TP]t is the TP concentration after a 
period of time. 
Furthermore, the rate constants of TOC, ammonia, and TP in the non-temperature-
controlled mode were close to those at 45 °C due to the fact that the system temperature 
was close to 45 °C without controlling the temperature (Fig. 4d). 
 
3.3 Characterization of precipitation 
After the reaction was completed, the flocs were centrifuged and dried in a vacuum 
oven. The morphology and surface element composition of the precipitates were 
obtained by SEM-EDS, XRD, and XPS analysis. SEM image showed the mostly 
amorphous or ultrafine structure of the precipitates (Fig. 5a). The elemental mapping 
images of the precipitation with a selected area (Figs. 5b and 5c) reveal that flocs 
primarily contained C, O, Fe, Mg, Ca, Si, and P. This finding confirmed that some 
organics and phosphorus were removed by coagulation. The atomic percentage of each 
element on the surface of the precipitation is shown in Table S2. Ferrous ions were 
released into the solution and produced metal hydroxides as a coagulant to adsorb 












Fig. 5. SEM image and elemental mapping of the precipitates. 
 
Fig. S2 shows the SEM image of the zero-valent iron powder before use. We can see 
that the zero-valent iron powder agglomeration is obvious. The particle size of the 
agglomerated iron powder was found to be below 100 µm, which confirmed that the 
iron powder we used was micron-sized. The XRD patterns of the mZVI before use and 
the precipitate obtained after EO/EC process are shown in Fig. 6. The apparent 










#87-0721). The XRD patterns from the precipitate samples showed weak peaks from 
25° to 40°. These peaks are likely to indicate iron oxides and/or iron hydroxides, but 
such speculation requires further analysis due to the fact that iron oxides cannot be 
easily detected by XRD due to their amorphous nature [42].  
 
 
Fig. 6. XRD patterns of zero-valent iron microparticles and precipitate samples. 
 
XPS was used to identify the chemical states of Fe, O, P, and N in the flocs produced 
in the EO/EC process. The binding energy was calibrated to adventitious carbon C 1s 
peak centered at 284.6 eV [43], and peak fittings were performed using XPSPeak41 
software. The narrow region spectra for Fe 2p3/2 were composed of two peaks at 710.3 
and 712.4 eV, respectively (Fig. 7a), indicating that ferric divalent iron and trivalent 










and at the same time, part of the ferrous iron is oxidized to ferric iron (Equation 9). The 
peak corresponding to the binding energy of Fe0 did not appear [46], indicating that the 
ZVI was fully utilized and no iron powder peeled off from the RuO2-IrO2/Ti plate. 
Additionally, after peak-differentiating fitting of O 1s, three peaks were identified (Fig. 
7b). The peak value of 529.7 eV corresponded to the lattice oxygen in the metal oxide 
(O2−), the peak value of 531.1 eV was attributed to the hydroxide in the surface 
hydroxyls (OH−), and the peak value of 532.1 eV was ascribed to the chemically or 
physically adsorbed water (H2Oads) [45, 47]. Therefore, large amounts of iron hydroxide 
and iron oxide were formed after the reaction. The P 2p XPS spectrum of precipitation 
was deconvoluted into two peaks of 132.2 and 133.2 eV, which corresponded to PO4
3- 
and HPO4
2-, respectively (Fig. 7c) [48]. This finding indicates that the surface of flocs 
was composed of PO4
3- and HPO4
2-. As noted in the case of the P 2p spectrum, the 
spectrum of N 1s was divided into two peaks, 399.9 and 407.2 eV (Fig. 7d), which 
corresponded to -NH2 and NO3
-, respectively [48, 49]. The presence of NO3
- and amino 
groups were due to the adsorption of inorganic nitrogen and organic nitrogen in landfill 















The main objective of the present study was to evaluate the performance of the 
EO/EC reactor for the removal of TOC, ammonia, and TP from landfill leachate using 
mZVI-RuO2-IrO2/Ti. We studied the effects of important parameters, such as anode 
materials, applied voltage, zero-valent iron dosage, interelectrode gap, and temperature. 
TOC, ammonia, and TP removal efficiencies can reach 72.5%, 98.5%, and 98.6%, 
respectively, at the applied voltage of 10 V, ZVI dosage of 0.2 g, and interelectrode gap 










temperature-controlled modes. The removal efficiency of each pollutant in the non-
temperature-controlled mode was similar to that when the temperature was controlled 
at 45 °C. TOC removal fitted the pseudo-first order kinetic model better, ammonia 
removal fitted the pseudo-zero order kinetic model better, and TP followed pseudo-
second order kinetic model. Moreover, rate constant increased with increased 
temperature. SEM-EDS analysis confirmed that the hardness in the landfill leachate can 
be removed by EC. XPS analysis demonstrated the formation of coagulants in situ for 
the removal of organic compounds, TP, and heavy metals. These results show that 
landfill leachate can be effectively treated with mZVI-RuO2-IrO2/Ti anode through a 
combination of EO and EC processes. 
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